The surface of HIV-1, like that of other retroviruses, is studded with virally encoded glycoproteins which appear ultrastructurally as electron-dense spikes or knobs. The glpprotein that forms the spike structure, gp120, is non-covalently bound to the transmembrane glycoprotein gp41. Mature HIV-1 virions do not have as many spikes as the genetically related retrovinwS HIV-2 and SIV. gp120 is lost from HIV-1 during viral morphogenesis and after incubation of the virus with the soluble form of cellular receptor CD4. In this study we used ultrastructural cytochemistry and morphometry to quantitate the distribution of envelope glycoprotein spikes on budding and mature HIV-1 virions and to look for alternatives to the laborious and somewhat subjective spikecounting technique for envelope spike analysis on HIV-1. HIV-1, strain HTW-IIIB, was &ed after staining of envelope glpproteins with either tannic acid, immunogold staining for gp120 (gpl20-immunogold), or lectin-gold staining with concanavalin A for mannose residues (ConA-HRPgold) and frequenq distributions of spikes or gold particles per pm HW-1 membrane generated. Envelope
Introduction
Human immunodeficiency virus, Type 1 (HIV-l), is the causative agent for the acquired immune deficiency syndrome (AIDS). The membranes of HIV-1 and other retroviruses are studded with ''spikes" or "knobs" composed of glycoproteins which are distinctive for each virus. The envelope proteins of HIV-1 consist of the surface glycoprotein gp120 (Montagnier et al., 1985) that binds CD4 on susceptible cells (McDougal et al., 1986; Dalgliesh et al., 1984) and transmembrane glycoprotein gp41 containing a membrane-fusion sequence (Freed et al., 1990; Brasseur et al., 1988; Gallagher, 1987) . gpl20 and gp41 are non-covalently associated and are formed by a single proteolytic deavage event of the precursor polyproteh gp160 spikes WeLe normally distributed on membranes of budding and mature HIV-1. However, the density of spikes per pm viral membrane on mature HIV-1 virions was approximately 50% of that observed on budding virions. Cod-HRP-gold and gp12&i"unogold did not efficiently label budding virions. The shape of the frequenq distribution for ConA-HRPgold particles on mature virions was similar to that for envelope spikes and could be used to quantitate envelope glycoproteins on HIV-1. In addition, ConA--gold stain- ing was able to detect the loss of envelope proteins after treatment of virus with soluble CD4. gp120-immunogold labeling was patchy and many virions were unlabeled. ConA--gold staining proved to be a rapid, reliable, and easily quantifiable method for estimation of envelope glycoproteh density on mature HIV-1. However, the loss of spike structures throughout the life cyde of HIV-1 can &cctively be determined only by direct spike counting. (JHisrochem (Allan et al., 1985; Veronese et al., 1985) . Since gpl20 mediates HIV-1 binding to the CD4 receptor, gp120 is essential for HIV-1 infectivity (Lifson et al., 1986; Dalgliqsh et al., 1984) . Howevcr, gp120 has been reported to be "shed" spontaneously from virions and infected cells (Ozel et al., 1988; Schneider et al., 1986; Gelderblom et al., 1985 Gelderblom et al., ,1987 . This phenomenon is common among retroviruses (Schneider et al., 1986; Schwartz et al., 1976; Nermut et al., 1972) and seems to contribute to the inactivation of the virus and to be detrimental to the success of HIV-1. In addition, incubation of HIV-1 with soluble CD4 induces a substantial increase in free gp120 molecules in the media of infected cultures and a decrease in spikes on virions (Hart et al., 1991; Kirsh et al., 1990; Moore et al., 1990) .
The morphology and assembly of HIV have been extensively reviewed recently by Gelderblom (1991) . Early structural studies of HIV-1 (Otel et al., 1988; Gelderblom et al., 1987) indicated that virions initially have 72 spike structures which decrease in number with length of culture. Biochemical analyses indicate that gp41 exists as a non-covalently associated tetrameric complex on virions (Pinter et al., 1989) and other studies indicate that a two-to four-HART, KLI"ER, VENTRE, BUGELSKI unit ohgomer of gp120 molecules forms the spike structures (Thomas et al., 1991; Chakrabarti et al., 1990; Owens and Compans, 1990; Weiss et al., 1990) . A gp41 recognition site has been identified on a120 (Ivey-Hoyle et al., 1991) , but no inuachain associations on gp120 are known. There is no information as to the number ofgp120 molecules necessary to visualize a spike ultrasuucturally, i.e., one or four gp120 molecules, or as to the nature, monomeric or multimeric, of the gp120 released from HIV-1 either spontaneously or after sCD4 treatment.
In the present study we evaluated the density distribution of envelope glycoproteins on budding and mature HIV-1 using ultrastructural morphomeuic techniques to quantitate emlope loss from HIV-1. We found a significant decrease in envelope spikes between the morphogeneic stages of viral budding and maturity. In addition, we assessed the usdulness of immunogold and lectin-gold staining procedures for evaluation of envelope proteins on HIV-1 virions. Ultnsuumuzl Demonstration of gpl20 Spikes. Cells were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer at 4'C. Glls were rinsed in b a r and post-fixed in 1% 0~0 4 .
Materials and Methods
mordanted with 1% tannic acid, and stained en bloc with 1% aqueous uranyl acetate (Gelderblom et al., 1987) . Cells were dehydrated and embedded in EMBcd 812 (EM Sciences;
Ft Washington, PA). Thin sections were stained with lead citrate and viewed in aJEOL 1200 EX electron miuoscope.
Immunoldzation of gpl20. All immunostaining was carried out at 37. $ because preliminary experiments found these conditions to be optimal, and previous work by Moore et al. (1990) and ourselves (unpublished data) has found no &ct of any anti-gpl20 antibodies on inducing the release of gp120 from virus or virus-infmed cells. Unfiid CEM-IIIB cells were rinsed and incubated with either a monoclonal antibody to gpl20, a rabbit polyclonal antibody to recombinant gp120, or a guinea pig antibody to gp120, for 30 min at 37'C. The monoclonal antibody was generated against hsophikz-exprcsscd recombinant gpl20. which immunoprecipitates viral gpl20 and binds an epitopc outside the CD4 binding domain (a gift of R. Sweet, SmithKline Bccchun). The rabbit polydonal antibody was also raised against mombinant h~~p b i l b gp120. The guinea pig antibody (a gift of L. Innoff, SmithKlinc Beecham). was raised against a synthetic peptide analogue of amino acids 296-331 from the hypemiable loop of HIV-1 gp120, s t n i n HXB2 (Deen et al., 1988) . Cells wen rinsed and fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffcr for 2-3 hr, washed, and incubated in protein A-gold (6 or 12 nm) or in the appropriate biotinylatcd secondary antibody UacJwn ImmunoRcseprch Labq West Chester. PA) for 30 min, followed by sucpuvidin-gold (6 nm) (BioCek Cardiff, UK) (gp120-i"unogold). Control incubations involved omission of the primary antibody. Cells were re-fmd in glutaraldehyde, postfixed in 1% 0~0 4 , dehydrated, and embedded. Thin sections were stained with lead citrate.
Lectin-Gold Staining of W-1. Terminal mannose residues were localized on glutaraldehyde-fid, chtonically infccted CEM-IIIB by incubat-IIIB (CEM-Iw) (provided by D. Lambert, SmithKlin~ Bcecham) wuc grown ing the cells with concanavalin A (50 pglml) (Pharmacia; Piscataway, NJ) for 1 hr at room temperature, followed by horseradish peroxidase-conjugated colloidal gold (10 nm) for 30 min (ConA-=gold) (Geoghegan and Ackerman, 1977) . Control incubations included horseradish peroxidaseconjugated colloidal gold alone and the inclusion ofO.1 M mannose in the Cod-=gold staining procedure. AU cells were re-fixed with 2.5% glutaraldehyde in phosphate buffer, washed, post-ficd in 1% 0~0 4 , stained en bloc with 1% uranyl acetate, dehydrated, and embedded.
Morphometric Analysis. Electron micrographs were analyzed at x 50,000-78,OOO ( f d magnification). Cell-associated virions were evaluated by counting the number of spikes or colloidal gold particles per virion. The length of the viral envelope was measured digitally with a Zeiss Videoplan (Cat1 hiss, Inc; Thomwood, NY) or SigmaScan Uandel Scientific; Corte Madera, CA) image analysis system. These data were used to calculate the number of spikes (or gold particles) per pm of envelope for each virus. A spike was counted if any hint of an electron-dense projection was Seen along the envelope. Projections greater than 20 nm wide were considered to be aggregates and were counted as multiple spikes. All spike counting was performed by the same individual. Counting gold particles was straightforward. Frequency distributions plot the percentage of virus particles as a function ofthe spike (or gold) number per unit length of viral envelope.
The hypothesis that gp120 spikes on budding virions, spikes on mature HIV-1, gold particles on Cod-=gold-labeled HIV-1, and gold particles on gpl20 immunostaincd HIV-1, arc each normally distributed was investigated using normal probability plots (Goodall, 1983) (SAS Institute, 1990; Shapiro and Wilk, 1965) . Shifts in frequency distributions were tested via two sample t-tests, which are considered robust with large sample sizes (Steel and Tome. 1980) .
Results
Electron micrographs of budding and mature HIV-1 virions stained for glycoprotein spikes are presented in Figures la and IC. As previously reported by Gelderblom et al. (1987) , spikes were approximately 9 nm high by 15 nm wide and were distributed with a characteristic periodicity on budding virions (Figure la) . In contrast, mature HIV-1 had extensive stretches of membrane devoid of spikes ( Figure IC) , even though the viral membrane was clearly visible in cross-section.
Morphometric analysis of spikes on budding HIV-1 ( Figure 1b ) illustrated that the number of spikes/ ~u n of viral envelope (sutfice density) followed a normal bell-shaped disuibution. The surface density of spikes on mature HIV-1 ( Figure Id) followed a similar distribution. However, in comparison with budding virus, the distribution of spikes on mature HIV-1 was shifted to the left. The mean surface density of spikes on mature HIV-1 of 27.1 * 1.1 s p i k e s l~ (mean * SEM) was significantly less w 0 . 0 5 , two-tailed t-test) than that on budding HIV-1 of 55.4 * 2.0 spiked pn (mean * SEM), indicating that mature virions had lost spikes during the maturation process and/or during virion aging.
Even with the most cautious preparation, the tannic acid staining procedure did not always yield a consistent staining density of viral spikes, which meant that spike counting had a subjective bias and was prone to individual interpretation during the analysis. However, when the counting was performed by a single investigator the procedure provided data that were not significvltly di&rent from experiment to experiment. To remove the a h concerns, we developed staining procedures for envelope analysis on virions that were less subjective or less reliant on an individual for interpre- tation. These cytochemical staining procedures used colloidal gold as an electron-dense marker that is easily quantitated. The first approach to localizing gp120 on HIV-1 was to use ultrastructural immunogold labeling. Several antibodies to gpl20 were incubated with unfixed HIV-infected CEM cells, the cells fixed, and the antibodies localized directly by protein A-gold or indirectly with a biotinylated second antibody followed by streptavidin-gold. The guinea pig anti-gpl20 antibody revealed with the streptavidin-gold probe (Figure 2a ) provided the highest and most consistent labeling of virions. However, with this procedure many mature virus particles were unlabeled, a finding consistent with previous studies (Desportes et al., 1989; Gelderblom et al., 1987) . In addition, no regions of the cell surface, including budding virions, were stained. The high number of unlabeled virus particles caused the frequency distribution of immunogold labeling to abut zero (Fig-ure 2b) , and the mean surface density of gold particles was only 3.9 2 0.4 particleslpm (mean f SEM). The low levels of virus staining by the immunogold technique may have been due to steric hindrance of gold conjugates in the microenvironment of budding virions (Pietschmann et al., 1989) . Attempts to increase the efficiency of labeling by using different sized colloidal gold particles (data not shown) did not improve the staining for gp120.
The glycosylation pattem of gp120 (Geyer et al., 1988) suggested that lectin cytochemical staining of terminal mannose sugars with ConA would be a good candidate for localizing spike structures on HIV-1. Colloidal gold, either directly conjugated to lectins or localized via secondary binding interactions (Geoghegan and Ackerman, 1977) , is a useful technique for ultrastructural localization. ConA-HRP-gold staining of mannose residues on HIV-1 resulted in a reasonable level of gold particles decorating mature virions (Figure 2c ). The pattern of staining was random over the viral membrane and was similar to the pattern observed for tannic acid-stained envelope spikes (Figure la) . The frequency distribution for ConA-HRP-gold staining of mature virions (Figure 2d ) was similar to that of envelope spikes, with a mean surface density of gold particles of 32.4 * 1.8 (mean * SEM). Gold staining in control incubations accounted for less than 21% of total gold counts, indicating a high degree of staining specificity for the ConA-HRP-gold. Spikes were not visible in the preparation owing to the omission of the tannic acid staining method to enhance the contrast of the gold particles over the background specimen density.
To evaluate the utility of the ConA-HRP-gold procedure in de-tecting changes in spike density on virions, CEM-IIIB were incubated with soluble CD4 (sCD4). sCD4 induces the release of spike structures from HIV-1 virions as evaluated by the spike counting method (Hart et al., 1991; Kinh et al., 1990) . Figure 3 illustrates that the ConA-HRP-gold technique, in comparison to spike counting, was sensitive enough to detect the loss of envelope structures after sCD4 treatment of HIV-1. A cumulative frequency distribution analysis (Figure 4) summarizes the distribution of envelope proteins on mature HIV by the various cytochemical techniques outlined above. The data are expressed as the cumulative frequency of virus particles possessing a specific density of spikes or gold particles on their membrane. With this method, differences in normalized counts per unit length of membrane from budding to mature virions can be appreciated. The ConA-HRPgold method very nearly estimates the spike counts on mature virions, as illustrated by the similar slopes and locations of their plots. However, ConA-HRPgold underestimates the actual spike density on virions because of multiple labeling on individual gp120 proteins owing to the high glycosylation of this protein. The plot for gp120-gold shows a sparse pattern of gold particles decorating virions, thus making this procedure a poor estimator of spike density on virions. 
Spikes-mature

Discussion
The distribution of envelope glycoprotein spikes on the surface of HIV-1 could be directly determined by morphometric analysis and the data evaluated statistically to look for effects of virion aging or chemical treatment. The results obtained by this method consistently yielded data that were normally distributed. Spike distribution on budding viral profiles was 50% greater than on mature virions, suggesting a loss of spike structures as HIV-1 matures. These morphometric data support the qualitative observations of previous ultrastructural studies (Ozel et al., 1988; Schneider et al., 1986; Gelderblom et al., 1985) . Alternate methods for localizing envelope proteins of HIV-1 with colloidal gold probes were evaluated. The frequency distribution of ConA-HRPgold staining was similar to that for envelope spikes on mature virus, suggesting a correlation between the lectin cytochemical technique and direct visualization of spikes. Immunogold localization of gp120 yielded a non-normal distribution which was radically shifted towards zero, largely because many virions were not stained, making this procedure unacceptable for envelope quantitation studies. Concanavalin A is a lectin with affinity for terminal a-Dmannose residues. It consists of four subunits, each capable of binding to a sugar group. The core protein of gp120 contains more than 20 (20-31) glycosylation sites (Geyer et Mizuochi et al., 1988; Allan et al. 1985) , with each site capable of binding as many as three terminal mannose residues (Geyer et al., 1988) . LMin-gold cytochemical staining using C o d should be a very good uluaswctural marker for gp120, since this protein may contain many mannose residues in terminal positions. In this study, the staining of HIV-1 virions by the ConA-=gold technique was very specific and reproducible, and the high resolution of colloidal gold particles in the electron microscope facilitated the objective collection of ConA-=gold staining data. In addition to spontaneous loss of spikes from HIV-1, soluble CD4 (sCD4) causes the loss of e mlope spikes from mature HIV-1 (Hart et al., 1991; Kirsh et al., 1990) . The morphometric analysis of ConA-=gold labeling of HN-1 after sCD4 treatment provided substantiative data on the loss of envelope spikes and illustrates the usefulness of the technique for evaluation of treatment regimens that affect CD4-gp120 interactions.
The only reliable method for analyzing spikes during the budding stage of viral morphogenesis was the direct spike counting method. Attempts to stain budding virions by any of the colloidal gold techniques were not consistent, which may have been due to steric hindrance of tightly packed spike structures on budding virions. Alteration of gold particle size (Pietschmann et al., 1989) did not improve the labeling dficiency. After release from the cell membrane, spike structures spread out over the surface of the viral membrane as virion matures, with the result being a reduction in packing density, and thus steric constraints, of spikes (Bugelski et al., unpublished observations) . Tight packing density does not infer inaccessibility to reagents or an immature configuration of the gpl20-receptor complex. sCD4, the soluble form ofthe HIV-1 receptor (McDougal et al., 1986) , is capable of binding to and inducing the release of gp120 from budding virions (Kirsh et al., 1990) , indicating a functional configuration to the gp120-gp41 complex.
Spontaneous loss of emlope glycoproteins (gp120) is not unique to HIV-1 and has been reported to occur in other retroviruses (Schwartt et al., 1976; " n u t et al., 1972) . Since gp120 is essential for binding HIV-1 to target cells, spontaneous loss of gp120 reduces infectivity of HIV-1 b d thus slows the deleterious effects ofthe virus (McKeating et al., 1991) . HIV-1 has been assigned to the reuoviml subclass Lentiviridae, meaning "slow virus," in appreciation of the characteristically protracted incubation and the chronic tendency of the disease caused by this virus. gp120 may sterically hinder access of the fusogenic domain of gp41 to the target cell membrane, and shedding of gp120 may therefore be a necessary step in viral membrane fusion during infection and cytopathic events. Tbe enhanced release of gp120 from HIV-1 by sCD4 does in fact lead to the measurable exposure of the amino terminus of gp41 (Hart et al., 1991; Sattentau and Moore, 1991) near the fusion sequence (Gallagher, 1987) . It is predicted that this exposure is a transient activation of gp41 and quickly leads to inactivation of the molecule if an appropriate target membrane is not present. Therefore, the ability of HIV-1 to release gp120 may be essential to infectivity. Support for this receptor-mediated activation hypothesis (Allan, 1991) comes from observations with HIV-2 and SIV. Both of these viruses &r from HIV-1 in that they retain many more spikes on mature virions, implying less or no loss of glycoprotein spikes during viral maturation (Hockley et Palmer and Goldsmith, 1988) . The course of infection with these viruses in their natural host species (humans and sooty mangabys, respectively) is very prolonged andlor may be asymptomatic. Resistance to shedding of the major envelope glycoprotein may conuibute to the decrease in virulence of these viruses. Interestingly, HIV-2 (Looney et al., 1990) and SIV are relatively resistant to inhibition by sCD4 (compared with HIV-1), and a recent report has shown that at low concentrations sCD4 can enhance infectivity by SIV (Al-Ian et al. 1990 ).
In conclusion, our morphometric study of the envelope glycoproteins of HIV-1 has shown that a significant and quantifiable reduction in the density of gp120 envelope spikes occurs during viral maturation and aging. We have also shown that cytochemical staining with ConA-Wgold but not gp12O-immunogold closely correlates with spike counts, suggesting that lectin cytochemical staining can be a useful tool for studying the distribution and loss of envelope glycoproteins on retroviruses.
